Abstract Waste rock is the large volume of broken rock and low grade ore materials tend to create potential problems, such as acid mine drainage (AMD), leaching of heavy metals, and slope stability problems. These problems are related to the flow of water through the waste rock. In this study, long term numerical simulations of unsaturated flow in a large waste rock pile are conducted to investigate the effect of internal variability in water flow and saturation. The approach first consists of a basic geotechnical properties investigation to define the main features of the pile. This is followed by numerical simulations of the unsaturated flow through the pile based on the results from the field and laboratory characterization. The simulation results showed that pile is unable to fully saturate and drain during the simulated period. It was also found that high evaporation and the high bottom flux rate and also coarse grain nature of waste rock materials results holding few amounts of water in the system.
Introduction
Waste rock is the large volume of broken rock, excavated in order to gain access to the ore deposit, and low grade ore materials that cannot be processed commercially. Waste rock is commonly deposited in large piles that are typically 10 to 30 m high, but range up to 150 m in height, and up to several square kilometers in area (Blowes 1997) . In coal mining, waste rocks are referred to as ''spoils'' (Lottermoser 2007) . Some waste rock piles tend to create potential problems, such as acid mine drainage (AMD), leaching of heavy metals, and slope stability concerns. These problems are related to the flow of water through the waste rock (Dawood et al. 2011) .
Waste rocks are generally employed in waste piles dry and they tend to progressively increase in water content with time through infiltration and fluid flow (Williams and Rohde 2008) . Potential drainage inputs include the infiltration of snow melt and rainfall through the surface and along the batters, as well as additions of runoff and groundwater along the edge and bottom of the dump (Price 2009). Waste rock by its nature is highly heterogeneous with particle size varying from boulders of several meters to clay size particles (Noel and Ritchie 1999; Smith et al. 1995) . This heterogeneity means that multiple flow mechanisms characterize the movement of water within the piles (Fala et al. 2005) . The grain size distribution and the method of construction of the dumps in the waste rock play controlling roles in the movement of fluids (water and gas) inside a pile (Fala et al. 2003) . The lithological properties of the ore deposit and its overburden, the mining method, and the construction techniques for the pile largely determine these two factors (Smith and Beckie 2003) .
The exposure of minerals in mine waste materials to atmospheric oxygen leads to the weathering of primary minerals, and the formation of secondary minerals and dissolved weathering products. The most common reaction is the oxidation of metal sulfides to produce dissolved sulfate, acidity and free metal ions. Water infiltrating the surface of a waste rock pile carries these weathering products to the environment. So understanding water transport is also an important aspect in the management of the environmental impact caused by these dumps (Nichol 2002; Noel and Ritchie 1999) .
Waste rocks are unsaturated environments and therefore waste rock management requires addressing all the complex flow conditions inherent to unsaturated zone hydrology (O'Kane 2000) . Unsaturated flow in coarse, heterogeneous waste rock exists in the form of matrix flow through the finer-grained fraction of the waste rock, and preferential flow through the coarser-grained fraction (Wagner et al. 2006) . Numerical modeling techniques can lead to a better quantitative understanding of the physical and geochemical processes leading to the production of AMD in sulfidic wastes (Franklin et al. 2008) and are quite useful to obtain a better understanding of the factors that affect the response of a waste rock pile (Dawood and Aubertin 2009 ). The majority of simulations deal with simple internal waste rock pile structures and homogeneous materials. However, difficulty in characterizing the inherent heterogeneity of waste rock pile has limited advances in understanding its importance on physical processes (Lahmira et al. 2007 ). The main objective of this paper is to assess hydraulic behaviors with several different internal configurations in a large waste rock pile.
Waste rock properties
The Haizhou opencast coal mine is located at Fuxin, Liaoning province in northeast of China. The main waste pile at this mine extend to a height of 170 m with slope angles of 46°and are heterogeneous and stratified. In order to characterize physical and hydrological properties of Haizhou waste pile, the pile was divided into 8 zones (WR1 to WR8, from top to toe). The percentage of coarse rocks (i.e. cobbles and boulders) covering surface of rock pile was used to separate different zones. Similar to other waste dumps, the coarse rocks increased from top to toe. A field program was conducted on the top and slope surfaces of the dump. The strategy was taking so many samples from each zone and mixing them to have a composite sample representative of each zone.
The tests completed on the geotechnical and hydrological properties of the samples presented in Table 1 .
Model characteristics
The conceptual model of studied waste rock pile is based on the west side of the pile and has a width of 150 m and a height of 100 m (Fig. 1) . Field observation and laboratory experiments of sample suggest that 4 different materials (L1-L4) with minor hydraulic properties can be identified.
The numerical simulations of the Haizhou rock pile were implemented using the HYDRUS-2D variably saturated flow model (Simunek et al. 2006) . The HYDRUS-2D model uses the Richards equation as the governing equation to describe Darcy-type fluid flow in a variably saturated porous media. HYDRUS-2D solves the governing equations numerically using Galerkin-type linear finite element schemes. In this study, van Genuchten equations (van Genuchten 1980) is used to describe the data. This expression permits a relatively good description of h(h) for many soils using only a limited number of parameters. The Van Genuchten soil moisture retention characteristic is defined as:
where, h is the soil water suction (pressure) head (L), h(h) is the volumetric water content in dependency of the suction head h[L 3 L -3 ], h r is the residual water content 
] is a fitting parameter that is inversely proportional to the air-entry pressure value, n [-] is a parameter related to the width of pore-size distribution of the media and m is a constant that can be approximated by m = 1-1/n (van Genuchten, 1980) .
Similarly as for the water retention curve, analytical models are often used also for the hydraulic conductivity function. The Mualem (1976) model describes the hydraulic conductivity as a function of volumetric water content. Combining the van Genuchten (1980) retention function (Eq. 1) with the Mualem model gives:
where K s represents the saturated hydraulic conductivity, S e is an effective degree saturation, K(h) is the hydraulic conductivity at a certain suction head h, l is the poreconnectivity parameter which was estimated by Mualem (1976) to be about 0.5 as an average for many soils. The water retention curve; WRC, (or soil water characteristic curve, SWCC) of the waste rock samples was estimated by the Modified Kovacs (MK) model (Aubertin et al. 1998 . The properties required to obtain the WRC using this model are the grain size curve of the material (D 10 and D 60 ) and the void ratio (e).
The MK model can be described by a set of equations:
where h is the volumetric water content, n is the total porosity, S c and S a correspond to capillary and adhesive components of h. D 10 is the diameter (cm) corresponding to 10 % passing on the cumulative grain-size distribution, b d corresponds to the contact angle taken as zero (for drying conditions), C U is the coefficient of uniformity (C U = D 60 / D 10 ), and e is the void ratio (From porosity can be calculated by: e = n/(1-n)). m (-) is a pore size coefficient an often be closely approximated by m = 1/C U . a c (-) is the adhesion coefficient, w r is the suction at residual water content (cm), and w n is a normalizing parameter for unit consistency (w n = 1 cm when w and h co are given in cm). C w is a correction factor for full dryness and w 0 is the suction at complete dryness (w 0 = 10 7 cm). The adhesion coefficient a c is approximately constant (a c = 0.01, when suctions are in cm).
The matric suctions were then plotted against their corresponding estimated water contents to yield the WRC. The predicted curves from MK model for the waste rock samples were then fitted with the van Genuchten (1980) equation (Eq. 1) using the RETC code (van Genuchten et al. 1991) to determine best fitted van Genuchten parameters and hydraulic conductivity k functions ( Table 2 ). The unsaturated hydraulic conductivity curves were predicted using the Mualem (1976); van Genuchten (1980) model (Eqs. 2, 3). The corresponding water retention curves and unsaturated hydraulic conductivity curves are shown in Figs. 2 and 3, respectively.
The initial condition of the simulation domain was given in form of the soil water pressure head. The water table was fixed at -5 m relative to the base of the rock pile and pressure head was assumed to be uniform from the base to the top of the pile. The upper boundary of the conceptual model represented the surface of the rock pile, which was exposed to atmospheric conditions. Therefore, for the purposes of this study, a seasonally-varying recharge is assigned. Because of symmetry, an impervious boundary condition imposed on the right hand side of the pile corresponds to a vertical line of separation for the flow net inside the pile. No-flux boundary conditions are specified for impermeable boundaries where the flux is zero perpendicular to the boundary. The lower boundary along the bottom of the bedrock was treated as a free drainage boundary to allow water to leave the flow domain under non-forced drainage conditions. The condition is a reasonable boundary condition at the bottom of a flow domain for situation where the water table is located far below the domain of interest (McCord et al. 1991) . A pressure head of -5 m (50 kPa suction) equivalent to have a water 2.58 9 10 -6 3.9 9 10 -6
8.44 9 10 -6 table 5 m below the bottom of pile was used. This condition mimics the effect of a coarse, well-drained layer typically found at the base of a waste rock pile (Fala et al. 2005 ).
Simulation of unsaturated flow
Two different sets of scenarios with spatially variable soil hydraulic properties were considered:
1. Layered pile (S1). 2. Layered pile with stochastic properties (S2, S3, S4).
The reason for utilizing the different types of simulations was to show the sensitivity of each method with respect to hydraulic variations of the system. All simulations were made for periods of 10 years. Running the model for multiple years will minimize the influence of the boundary conditions and allow the moisture content to be more naturally distributed throughout the system (Hudson et al. 2012) . There is no any drainage in the pile and it is not anticipated to happen in coming years. Williams (2011) estimated that for a typical dump height of 30 m and a typical mine life of 20 years, during which the waste pile is left uncovered, a semi-arid to arid climate would cause drainage in about 25 years.
Base case
The base case simulations (S1) (Fig. 4) assume a layered waste rock pile with minor hydraulic variations. The 4 general layers (L1-L4) were defined from sampling zones which their hydraulic parameters were shown in Table 2 . Having more realistic distribution of hydraulic parameters, stochastic methods were used in scenarios 2 to 4 for studied waste rock pile.
The upper part of the pile shows a volumetric water content corresponding to the applied atmospheric conditions while lower parts show a water content that corresponds to the surface conditions applied during the previous periods. These conditions have created a pseudostationary condition (Fala et al. 2005 (Fala et al. , 2013 . The simulation S1 (Fig. 4) represents the effects of layering in distributions water content in a large waste rock pile. The study of observation lines (Fig. 4) suggest that there are some abrupt changes in water content in vertically and horizontally direction. Although these variations have sharply happened but maximum water content reach to less than 0.2. The volumetric moisture content distribution within this model is in the range of 0.01 to 0.08. These moisture contents equate to less than 20 % of saturation within the waste rock material. The variation rates is higher in vertical profile (AA 0 ) compared to horizontal profile (BB 0 ) which latter shows slight increase in water content from left to right at base.
Simulation with stochastic properties
Waste rock piles typically heterogeneous, even within a given characteristic zone. Therefore, to accurately simulate flow and transport in rock piles, models must include the variability in soil hydraulic properties. The influence of spatial variability of hydrogeological properties can be assessed by using a stochastic approach (Fala et al. 2005 (Fala et al. , 2013 . In this case, it is assumed that the value of a given property at two locations depends on the distance between them; the closer they are, the closer their property values will be (on average).
HYDRUS-2D generates a 2D-field of scaling factors related to the hydraulic conductivity function, using factors applied to hydraulic conductivity (aK), suction (or pressure, ah) and volumetric water content (ah). The code assumes that the hydraulic variability in a given area can be approximated by means of a set of scaling transformations which relate the individual soil hydraulic characteristics h(h) and K(h) to reference characteristics h*(h*) and K*(h*). The technique is based on the similar media concept introduced by Miller and Miller (1956) for porous media which differ only in the scale of their internal geometry. Three independent scaling factors are embodied in HYDRUS:
in which, for the most general case, ah, ah and aK are mutually independent scaling factors for the water content, the pressure head and the hydraulic conductivity, respectively. A detailed discussion of the scaling relationships and their application to the hydraulic properties of a heterogeneous waste rock piles is given by Fala et al. (2008 Fala et al. ( , 2013 . The soil heterogeneity in the simulations is included by treating K s as the realization of a spatially randomly distributed field with a specified standard deviation and correlation length. The method of Miller and Miller (1956) is used with a logarithmic standard deviation of the hydraulic conductivity (log r k ) equal to 0.3; the other properties (ah and ah) are considered homogeneous (constant) for each domain. The values of the correlation length are also required (i.e. spatial distribution of the hydrogeological characteristics) and vary from 2 to 50 m. The choice of correlation length and its direction depends on the spatial distribution of the hydrogeological properties, which are related to the grain size distribution of samples taken in the field (Fala et al. 2008; Dawood et al. 2011 ). The corresponding fields are illustrated in Fig. 5 , which shows horizontal, vertical and mixed correlations for studied waste rock pile. Multiple field tests showed that scaling factors of both matric potential and hydraulic conductivity usually follow a lognormal distribution (Hopmans 1987; Tuli et al. 2001 ) and this scaling approach successfully predicted the heterogeneity of soil hydraulic properties of the soil samples collected at their field sites (Tuli et al. 2001) . The statistical parameters for simulation S2, S3 and S4 are given in Table 3 .
In simulation S2 (Fig. 6 ), stochastic properties with horizontal preferences (r k = 0.3, CorX = 50, CorZ = 2) were applied for a layered waste rock pile. The results were similar for layered waste rock without stochastic properties (S1). Similar to S1, there is some variation in upper part for water content and the variation can be seen with less variation in lower part. The vertical variation (0.1-0.17) in water content is higher compared to horizontal one (BB 0 ) at the base (Fig. 6) .
The simulation S3 (Fig. 7 ) is related to a layered waste rock pile with vertical correlation. The water distribution is similar to S2 with some minor difference in center of pile. In line AA 0 the volumetric water content reached its highest value (0.16) at about 15 m from top and the decrease sharply (Fig. 7) . Then, water content increase to toe. In observation line BB 0 , volumetric water contents gently increase from left to right (0.01-0.1). Regarding applying different water flow parameters for different layers, they are all less than 20 % of waste rock saturation. In simulation S4 (Fig. 8 ) a mixed correlation length for a layered waste rock piles with stochastic parameters: r k = 0.3 and Cor-X and Cor-Z equals to 50 m. The flow patterns are similar to S2 and S3 except that, water content near to residual water content is predominant at the base of the pile. Similar to S3 there is a abrupt increase in water content in 15 m from the top (0.16) followed by sharp decrease in water content (Fig. 8) . However, all water contents are less than 20 % of waste rock saturation.
Water balance
The infiltration is defined as the water that enters the waste rock pile by downward flow through the surface materials. The seepage is the outflow of water along the base of the pile. A water balance can be defined as the mass of water moving through the components of the hydrologic cycle (Tetra Tech 2012) . The surface of the rock pile is the part of the model where climate and soil come in contact and water moves according to the unsaturated soil physics rules through the waste rock material. Some parts of this water evaporated and remaining infiltrate into the soil. At the end, water reaches the bottom of the model which is a free draining discharge point. Storage is the water that is considered temporarily static in the system, such as pore water or groundwater (Tetra Tech 2012). The cumulative storage was computed for the waste rock pile system using Hydrus-2D for all simulations. Storage was calculated using a water balance approach as shown in Eq. 14.
where, S = storage, QA = surface flux (at the atmospheric boundary), QE = evaporation flux and QB = bottom flux. Actually, the atmospheric condition comprises the infiltration component of system while, bottom flux (free drainage) is seepage component. The all simulations were based on fixed atmospheric condition and difference was just applied in method of distribution of hydraulic parameters (stochastic methods) Table 4 presents the results of the waste rock water balance models. The percentages provided in the table summarize the water balance as a percent of the total precipitation. The only scenario S2 (layered pile with horizontal correlation) shows negative water balance after 10 years of simulations. The negative value represents water lost from the pile. It is also found that the volumetric water content is so low in the 5 m from the surface and gradually increases toward depth. However, in none of these scenarios it exceeds 20 % of waste rock saturation. Williams (2006) found that coarse-grained, durable, fresh waste rock only needs to reach about 20 % saturation of its voids to be freedraining, while fine-grained, well-graded, weathered waste rock needs to reach about 60 % saturation of its voids to be free-draining.
The degree of saturation is an important property affecting the various processes that contribute to acid rock drainage (Wels et al. 2003) . Usually waste rock piles contain sulfidic minerals, which generate acidic drainage when they oxidize in the presence of oxygen and percolating water. The extremely few water content specially on the surface of the pile, have some effects on oxidation of sulfidic minerals by allowing inflow of oxygen and increasing movement of air by advection and convection in the pile (Aachib et al. 2004; Mbonimpa et al. 2003; Bussiere et al. 2003; Lefebvre et al. 2001) . The oxygen flux through the air is several orders of magnitude higher than a flux of oxygen into the waste pile from the oxygen dissolved in water infiltrating the surface of the pile (MEND 1993; Fredlund and Rahardjo 1993; Collin and Rasmuson 1988) .
Generally, simulations resulted minor storage with respect to precipitation. Evaporation is responsible for 50 % of water balance in waste rock, i.e.; 50 % is infiltrated to waste rock, resulted different bottom flux and water storage. The high matric suction probably draws deeper moisture up to the surface of the pile where it can be evaporated. Also, the bottom flux among different modeled scenarios is high and is the main parameter determining storage of each scenario. The coarse waste rock materials cannot sufficiently hold the infiltrated water and allows easily draining downward. However, regarding amount of infiltrated water, the water lost from the base is not significant and therefore cannot pose a risk to the environment in future. 
Conclusion
The waste rock pile was modeled with layered water flow parameters and also with layered with stochastic properties in 4 scenarios. The water content distribution and waste balance were studied considering heterogeneity of materials. The modeling illustrated that the flux and storage values are different among different scenarios; however, the pile is unable to fully saturated and drain during simulated period. Although stochastic and non-stochastic properties shows different water flow pattern, but in general water flux from the bottom of the pile and evaporation is high and this decrease water storage capability of waste rock pile.
